The effect of temperature on the force-sarcomere velocity relation (200, 250, and 300 C) and maximum velocity of sarcomere shortening (V0; range 15°-35°C) was studied in trabeculae from rat heart. Sarcomere length and V. were measured by laser diffraction techniques.
The effect of temperature on the force-sarcomere velocity relation (200, 250, and 300 C) and maximum velocity of sarcomere shortening (V0; range 15°-35°C) was studied in trabeculae from rat heart. Sarcomere length and V. were measured by laser diffraction techniques.
Sarcomere length and sarcomere velocity, determined from each of the first-order diffraction lines, differed by less than 4%. Slack sarcomere length in the trabeculae appeared to be 1.9 ,um.
Isovelocity release techniques were used to obtain sarcomere velocity and VO directly. Sarcomere velocity was measured at SL=1.9-2.0 ,um for elimination of contributions of parallel elastic force and restoring force to the external load of the sarcomeres. Peak twitch force development (F.) was maximal (Fo.max) at 250 C at [Ca2'I0= 1.5 mM. Lowering of the temperature below 250 C led to development of spontaneous sarcomere activity and depression of F.; both responses could be prevented by the addition of 0.5 mM procaine. Increase of temperature above 250 C reduced twitch duration and F.. Hill V0.3 There are several reasons for the variability of the temperature dependence of VO. We will present evidence that it may be due to the effect of temperature on the level of activation of the contractile proteins by calcium ions, as shown by the effect of temperature on isometric force development. Another reason is the practice of measuring V0 by extrapolation of the force-velocity relation to zero load; this method is severely limited because the relation is very steep at low loads, especially at high temperatures. Furthermore, the effect of temperature on the force-velocity relation when sarcomere length rather than muscle length is measured has not been reported. Measurements of sarcomere shortening from muscle length changes during twitches are uncertain when there are inhomogeneities in cardiac muscle preparations.12-14 We have previously observed that isolated cardiac muscle preparations consist of assumedly normal sarcomeres in series with sarcomeres that contract only partially near the damaged and compliant ends of the muscle.14 It is probable that the partially contracting sarcomeres shorten during isotonic contractions at different velocities than do the normal central sarcomeres.14 This action negates the prediction that the velocity of isotonic muscle shortening is linearly proportional to the velocity of the sarcomeres in the presumably normal (central) region, even though the length of the passive series elastic element remains constant at a constant load. For these reasons, we considered it essential to measure sarcomere length. In addition, unambiguous measurement of VO requires that the measurements be made at, or slightly above, the length at which the sarcomeres are completely unloaded, that is, the slack length (1.9 jum).14 Therefore, in the present study in rat cardiac muscle, we used a direct laser diffraction technique to measure the effect of temperature variation on the maximum velocity of sarcomere shortening in rat cardiac muscle.
To test whether measurement of sarcomere length by laser diffraction in our preparations is influenced by Bragg angle artifacts,1516 we have evaluated the technique in the present study by the use of a dual first-order detection system. The results show that Bragg angle reflection, in homogeneous preparations that are thinner than 80 ,um, plays an insignificant role among the factors that determine the median position of the spatial distribution of the first-order diffraction band.
A preliminary report of this work has appeared.17
Materials and Methods Muscle Preparation
Two-to four-month-old Sprague-Dawley rats of either sex, fed ad libitum, were anesthetized with diethyl ether. The heart was rapidly excised, perfused retrogradely via the proximal aorta with a modified Krebs-Henseleit solution, and placed in a dissection dish beneath a binocular microscope (model SMZ-1, Nikon, Tokyo, Japan; magnification x7-30). Spontaneous beating of the heart was prevented by raising the potassium concentration in the perfusion medium to 15 mM, a concentration sufficient to stop pacemaker activity.
The free wall of the right ventricle was gently separated from the ventricular septum, and the right atrium was removed from the atrioventricular ring. Thin, unbranched, uniform trabeculae, running between the free wall of the right ventricle and the atrioventricular ring, were selected. Next, the selected trabeculae were carefully dissected by cutting through the atrioventricular ring on one end and removing a portion of the right ventricular wall on the other end. The 36 trabeculae used in this study were selected based on uniformity for prevention of potential artifacts associated with the measurement of sarcomere length; the trabeculae measured 50-200 ,um After mounting, the muscles were stretched to a sarcomere length of 2.1 ,um and left to equilibrate for 1 hour at 250 C in the perfusion medium (1.5 mM [Ca2,10) while being stimulated at 0.5 Hz. Passive force development at this sarcomere length is negligible ( Figure 3A ). After mounting, the end regions (approximately 200 gm in length) exhibited contracture.14 During the equilibration period, sarcomere length both at rest and during the twitches decreased as a result of relaxation of the damaged ends. If peak twitch force development diminished during equilibration to less than 70% of the force directly after mounting and adjustment of sarcomere length to 2. Signals were directly derived from diode array, without zero-order compensation. Measurements were made in resting muscle (1) , 70 msec into a twitch in which sarcomere length was kept constant (2) (see Figure 2 and "Materials and Methods"), and 14 msec after release at a velocity of sarcomere shortening (VO), at which force development was zero (3) (measurements 2 and 3 were slightly retouched (100 gtm diameter). The hook was glued onto a lightweight titanium motor arm. The servo-control system had been modified (Cambridge Technology) to increase the step response of the motor system to about 300 ,usec. During the experiment, muscle length was controlled by three function generators, the outputs of which were fed into the position command of the servo-control system. The function generators were activated by a timing control system (model D4030, Digitimer). Thus, we were able to construct a complex stretch and release ramp function that we synchronized with the stimulus pulses and applied to the muscle preparation.
Sarcomere Length Measurement
Sarcomere length was measured by laser diffraction techniques that have been described in detail elsewhere13'41920 ( Figure 1 ). In short, the striations of cardiac muscle act as an optical grating to incident light, in this case the output of a 15-mW helium-neon laser (model 106-2, Spectra-Physics, Eugene, Oregon). The original diameter of the laser beam was reduced to 300 gm by a 50-cm focal-length lens placed in front of the laser. The trabecula diffracts the laser beam into a zero-order band and multiple, spatially symmetrical, higher order band pairs12'3 ( Figure 1D ). The angle between the zero-order band and the first-order diffraction band is proportional to sarcomere length and the wavelength of the laser light (632.8 nm). For measurement of this angle, the left first-order diffraction band was projected onto a scanning, 512-element photodiode array (model RC 105, Reticon, Sunnyvale, California). In four muscles the left and right first-order diffraction bands were monitored simultaneously. The photodiode arrays were scanned every 0.5 msec. The median position of the first-order intensity distribution (determined by analog circuitry after correction for the contribution of the zero-order diffraction band and scatter13, 14, 20) was converted into a voltage proportional to sarcomere length by means of a nonlinear amplifier. The transfer function of this amplifier was adjusted by placement of standard glass calibration gratings in the same position as the muscle ( Figure 1D ). The spatial resolution of the diffractometer was 10 nm.
The highest VO that could be measured reliably was about 50 gam/sec, because the scanning rate of the photodiode array was 2 kHz and at least four samples of the sarcomere length signal were used, during a length change of 0.1 gm, for calculation of VO.
Isovelocity Release Technique VO was measured by the isovelocity release technique21 ( Figure 2 ). Sarcomere length was kept constant at 2.0 gm by stretching of the muscle from the valvular end. Passive force development at this sarcomere length is negligible ( Figure 3 ). When about 70% of isometric twitch force (F.) was obtained, the muscle was quickly released to a new load level. Between 200 and 300 C, the time at which this release occurred ranged from 60 to 130 msec. This time was chosen because the maximum V0 is stable and maximal during a substantial period after this moment21 ( Figure 3A ). Next, a controlled release ramp was imposed. The speed and amplitude of this release ramp were adjusted such that force was This modification deserves further comment. The force-velocity relations obtained in this study devi-ated from a rectangular hyperbola at forces above 70% of peak twitch tension, as has been observed previously in skeletal,24 smooth,25 and cardiac21 muscle preparations. The measured value for isometric peak force, therefore, was substantially lower than the value predicted from the Hill equation. Since the protocol used in this study makes possible the direct measurement of V,, the above modification allows fitting of the data to the Hill equation at forces below 70% (see "Results").
One-way analysis of variance or Student's t test was employed for testing of statistical differences where indicated26;p<0.05 was considered significant.
Results

General Properties of Sarcomere Shortening in Rat Cardiac Trabeculae
We examined the contribution of asymmetry of the diffraction pattern due to Bragg angle reflections to errors in the measured median of the sarcomere length distribution with the aid of two diffractometers, which sampled the opposite first orders of the diffraction pattern. Figure 1D shows typical diffraction band distributions from the left and right diffraction patterns during rest, just before release during a sarcomere length clamp, and during V0 after about 0.15 gm shortening. We monitored both firstorder bands of the diffraction pattern and determined sarcomere length and V0 simultaneously in four muscles. Figure 4A shows the determination of Fo and VO at 200, 250, and 300 C with the dual diffractometer system. It is clear that sarcomere length and VO obtained from the opposite first orders of the diffraction patterns differed by less than 4% (the maximal difference in the four muscles tested).
The effect of inhomogeneity of the trabeculae on the recorded velocity of shortening was also examined ( Figure 5 ). The muscle was translated such that the center of the incident laser beam was at the location indicated in the figure, and VO was subsequently measured. The valve was usually more compliant than the right ventricular end of these preparations. Therefore, regions of the muscle that are closer to the valvular attachment are expected to move more with respect to a stationary point, such as the laser beam, than those close to the force transducer. VO measured along the muscle was found to be independent of location, except at positions very close to the valve, where lateral translation was largest. A location close to the ventricular end of the muscle was chosen in all further experiments. Apparently, slight lateral translation in a homogeneous muscle brought only a new population of functionally identical sarcomeres into the field of observation, as has been observed previously. 14 We have ensured that the VO was always measured at or slightly above slack sarcomere length (1.8 to 1.9 gm; see Figure 3B ), thus removing velocity artifacts that might have been produced by the contribution of passive elastic elements in the muscle preparation (Figure 3) . Stretch of the muscle resulted in the development of passive force, but this force was less than 3% of F. at sarcomere lengths below 2.1 ,gm ( Figure 3B ). At sarcomere lengths above 2.2 gm, passive force development rose substantially. Figure   3C illustrates VO measured in a trabecula plotted as a function of sarcomere length. It is clear that VO was nearly independent of sarcomere length in the range of 1.9-2.2 ,gm, as expected from the small passive forces that are present at these sarcomere lengths.
The contribution of viscosity of the muscle, leading to an internal load for the shortening muscle, was estimated by measurement of the force induced in an unstimulated muscle during stretches of sarcomere length between 1.9 and 2.0 gm at a velocity equal to V0.27 Passive viscous force was found to be 1.5% of peak twitch force (F0) at 250 C and at a stretch velocity of about 13 ,um/sec, 0.3% at 180 C and 2 gm/sec, and 0.8% at 320 C and 40 ,um/sec. Figure 6A shows that half-saturating levels of [Ca2]0 with respect to F0 increased with increasing temperature. This increase was accompanied by a decrease of twitch duration ( Figure 4A) Table 1 .
Effect of Temperature on Force Velocity Relation
The effect of temperature on the force-sarcomere velocity relation in a representative muscle is shown in Figure 7 . Twitch force, at constant sarcomere length, was nearly independent of temperature, and VO was 5.5, 13.5, and 23.0 ,um/sec at 200, 250, and 300 C, respectively. The fitted parameters for five to eight trabeculae at 200, 250, and 300 C are shown in lower, ranged between 3.3 and 4.3). On average, parameter a decreased with increasing temperature, but the variability of this parameter was large and changes were inconsistent between experiments. A relative measure of the steepness of the forcevelocity relation at small loads is given by the ratio of VO and V at the 10% force level (Vl); this value is also shown in Table 2 . The steepness of force-velocity relation in this range explains why extrapolation of the force-velocity relation (obtained at forces above 3%) to zero force led, in our study, to a lower estimated value of V0 (20+7% at 20°C; 29±1% at 300C) than the measured VO. The force-velocity relations were steeper in the low-load range at higher temperatures. Parameter b, the horizontal asymptote of the Hill relation, showed no temperature dependence. Note, however, that this parameter pertains to a region of the force-velocity relation that cannot be described by the Hill equation. Effect of Temperature on VK,
The effect of temperature on V0 and isometric twitch force development was further examined in eight muscles over a temperature range of 160°350 C.
In the absence of procaine and at a fixed [Ca2"]0 at all temperatures, isometric twitch force was maximal at about 220 C ( Figure 8B ). The Arrhenius plot of V0 was linear above 250 C, and the Qlo was 2.6 ( Figure  8A ). Figure 8 ) and 2) to exclude the possible confounding factor of changing [Ca2+]0 at temperatures above 250 C. The results of this experiment are shown in Figure 9 . The dashed lines in this figure are reproduced from Figure 8 . The paired pulse stimulation protocol was adjusted such that the extrasystole was delivered at the time of 50% relaxation at all temperatures (range: 650 msec at 200 C; 100 msec at 350 C), which resulted in maxi- Results of five to eight trabeculae in presence of 0.5 mM procaine at all temperatures. Data are expressed as mean±SEM. n=26-97; R=0.868-0.991. Force-sarcomere velocity relation was measured as described in text and fitted to Hill equation (see "Materials and Methods"), which resulted in parameters a and b. Velocity of sarcomere shortening (VO) was measured directly. Note that peak twitch force development (F0) differed from the load calculated from Hill equation for a velocity of shortening equal to zero, as a result of nonhyperbolic behaviour of data at F> 70% Fo (see Figure 7) . Parameter VJV10 is the ratio of VO and velocity at 10% force level, which is a measure of relative curvature of force-velocity relation at low loads. Figure 4 ). Figure 3D ).21 The internal load, during shortening, depends on inertia, elasticity, and viscosity of the muscle. The inertial term is probably small during shortening at constant velocity. The elastic force, exerted on the sarcomeres, depends on sarcomere length and is illustrated in Figure 3 . If no force was exerted on the unstimulated trabeculae, the sarcomeres were slack at a length of 1.85 to 1.9 ,um, as has been described before.14 It is evident that stretch induced a small parallel elastic force (less than 2% of Foma), provided that sarcomere length was less than 2.1 gm. After a twitch, sarcomeres returned spontaneously to slack length. This suggests the presence of restoring forces within the trabecula at lengths shorter than 1.9 ,um. Apparently, the restoring force and the parallel elastic forces balance at slack length, and the sarcomeres in the unstimulated muscle are completely unloaded.
To minimize the elastic term, we have measured V, while ensuring that sarcomere length was at, or slightly above, slack length, that is, under conditions in which elastic forces were negligible (Figure 3) .
We have also estimated the contribution of viscosity of the muscle by measuring the force induced in an unstimulated muscle during stretches between sarcomere length 1.9 and 2.0 gum at a velocity equal to V0. 27 The viscous force that resisted shortening in the passive muscle was less than 1.5% under all conditions, and approximately equaled the parallel elastic force at the sarcomere length at which we studied V.. Although we do not know whether the structures that give rise to the elastic and viscous properties of the relaxed muscle change with activation, we feel that measurement of V0 at a sarcomere length of 1.9 gm ensures that the contractile system is unloaded. V. depends on the level of activation of force development both in cardiac muscle21,27,28 ( Figure 8 ) and in skeletal muscle (for review see Podolin and Ford34 Figure 3 legend) and probably at 250 C (p=0.07), but not at 30°C. This increased sensitivity was most likely the result of suppression of spontaneous activity in these preparations, which is consistent with the reported ability of procaine to inhibit calcium release from the sarcoplasmic reticulum.31-33 Both positive47 and negative48 inotropic effects of procaine on cardiac muscle have been reported. It is likely that these differences may have been due to differences in experimental conditions, such as extracellular calcium concentration and temperature.
The combined effects of an increase in the appar- Parameter b showed no temperature dependence over the range of temperatures studied. Even so, the value of this parameter is questionable since the forces and velocities measured at high loads obviously cannot be described adequately by the Hill relation. For production of a better fit to the measured data points, the addition of a linear component to the Hill equation at the higher load levels has been proposed.'9 However, the force-velocity relations presented in this study showed considerable deviation at high loads and could not be fitted to such a function. Further studies of the effect of temperature on the force-velocity relation with measurements of sarcomere velocity, both at forces above isometric twitch force (stretch velocities) and velocities at forces below zero load, are needed to describe the complete force-velocity relation of cardiac muscle. Forces below zero can be achieved with the method of Edman,50 in which the passive force, stored in the parallel elastic element, is employed to impose a compressive (i.e., negative) force on the cross-bridges during shortening.
Effect of Temperature on V, To our knowledge, this is the first study of the temperature dependence of the cardiac forcevelocity relation in which the effects of temperature on excitation-contraction coupling have been eliminated. This conclusion is based on the observation that maximal postextrasystolic potentiation resulted in only a slight (less than 10%) increase of force development at temperatures up to 320 C, above the force during paired pulse stimulation. A similar level of force development was obtained by raising [Ca'4] 0 to 3 mM, while a further increase of [Ca'+]0 increased neither twitch force nor V0. In contrast, twitch force could still be increased by maximal postextrasystolic potentiation by about 20% above the force during paired pulse stimulation at temperatures above 320 C. Similarly, at temperatures below 170 C, force was submaximal under all conditions. Hence, data from experiments at a temperature below 170 C were not included in the calculation of the Qlo of V0 (Figure 9) . Omission of the data obtained at temperatures above 320 C did not affect the calculated Qlo.
The observation that both increase of [Ca2+]0 and paired pulse stimulation increased V0 to a maximal value at temperatures above 250 C and at [Ca2+]0= 1.5 mM is consistent with the hypothesis that V0 is a function of the level of activation of the contractile filaments by Ca21 ions. In fact, paired pulse stimulation appeared to ensure near maximal twitch force development and maximal V0 over a substantial temperature range (17°-32°C) . Therefore, the Q1o of 4.6 obtained with paired pulse stimulation probably correctly reflects the temperature dependence of V.
in rat myocardium.
As we have pointed out above, a small but finite contribution of viscosity of the muscle is expected to impose an internal load on the contractile apparatus. This load would be velocity dependent and would decrease with increasing temperature. Correction for such a viscous load, based on our measurements in passive trabeculae, would slightly increase the Qlo of value.6-8 1) In our study, extrapolation of the forcevelocity relation to VO led to lower values of V0 than the actual measured V0. 2) We also found that it was necessary to maintain force development at nearly maximal level, despite variations of temperature, to ensure that VO was maximal and independent of the level of activation. Failure to ensure maximum activation levels led to a lower Q1o (Figure 9 ).
The temperature dependence of actin-activated myosin ATPase activity has been determined to be Q10=4 for skeletal1 and Q10=5 for rat cardiac muscle.10
The latter value corresponds with the Qlo value (4.6) of VO in this study and is nearly identical to the Q1o of the maximal VO after correction for the viscous internal load (see above). This close correspondence suggests that the rate-limiting steps of the actomyosin interaction in vitro and during shortening at zero load are identical. However, further experiments in which the temperature dependence of actomyosin ATPase activity and VO is measured in the same hearts, perhaps with varied isomyosin composition and in different species, are needed to confirm this conclusion.
